Historical developments up-to-date and operational challenges of membrane biofilm reactor (MBfR) were reviewed. A database of international, peer-reviewed journal articles regarding MBfR research from 1984 to 2008 was established and analyzed with a total of 107 papers. MBfR studies began to evolve in the early 1980s, since then the number of published papers increased steadily. After 2000, geographic locations where the research was conducted widened beyond North America and Europe to Asia. Research studies were divided into 4 categories and reviewed according to their main research focuses. In spite of the short history of MBfRs, studies have shown promising potential, possibly extending their application beyond nitrogen removal and organics removal. The MBfR research branched out to new fields including autotrophic denitrification. There are some important aspects of MBfRs that pose significant challenges to the application of this technology on a commercial scale in the near-future. The main challenge revolves around biofilm thickness and activity control. Further laboratory and demonstration scale studies on some of the proposed strategies for biofilm control are needed. Ultimately, more field studies with real wastewater should be performed to evaluate the resilience of the process in the face of flow and strength fluctuations, establishing optimum operational strategies.
INTRODUCTION
Membrane bioreactor (MBR) technology, involving membranes for solid-liquid separation, has experienced several breakthroughs over its lifespan of 30 years to become one of the major technologies for wastewater treatment. Aside of this most well known application of membranes in wastewater treatment, there are technologies that are intended to utilize membranes as biofilm supports, rather than solid-liquid separators.
Different mechanisms of pollutants removal can be achieved in membrane-attached biofilm systems, which can be classified as follows and shown in Figure 1 with concentration profiles. † Membrane biofilm reactors (MBfRs) refer to the systems with biofilm growing on top of the membrane fiber, where the pressurized gas diffuses through the membrane lumen, in order to oxidize or reduce the soluble constituents present outside the membrane lumen. Air, oxygen, hydrogen or methane, have been used as the process gas depending on the treatment objectives. † Extractive membrane bioreactors (EMBRs) refer to systems in which the contaminated liquid flows inside of the membrane fiber and only selective contaminants are transported through the membrane for biodegradation on the membrane surface or in bulk solution (Brookes & Livingston 1994; Freitas dos Santos et al. 1997) . † Membrane biofilters (MBFs) refer to systems in which a waste gas diffuses through the membrane lumen and is biologically removed by the biofilm growing on the membrane surface (Parvatiyar et al. 1996; Reij et al. 1996) . doi: 10.2166/wst.2009.698 Membrane biofilm reactors (MBfR) will be the focus of this paper. MBfRs can be implemented to remove a variety of pollutants from organic compounds to heavy metals, depending on the gas delivered. Nitrogen removal for tertiary wastewater treatment has gained substantial interest and will be specifically addressed in this paper. A database of a 107 research papers published in peer-reviewed international journals between 1984 and 2008 was analyzed. The literature database used in this paper was partially based on the references of a recent review paper (Syron & Casey 2008) , supported by results from searches in online databases including Web of Science, ScienceDirect, and PubMed. Despite the best attempts to include all the relevant publications the database used in this paper might not be complete. Althouth the progress of membrane biofilm reactor was reviewed recently by Syron & Casey (2008) , this paper is intended to provide chronological and regional distribution of MBfR studies, up-to-date research status and research needs based on the previous peer-reviewed journal papers, including hydrogen and methane-based systems for nitrogen removal, which were not considered in previous reviews. Japan keep publishing papers consistently, more countries, especially in Asia, (particularly China and Korea) started to conduct MBfR studies after 2000, and this is why the number of papers from Asia has increased substantially after 2000. The trend of regional distribution from Figure 3 is interestingly similar to the trend that can be found in membrane bioreactors (MBRs) (Yang et al. 2006 ).
CHRONOLOGY AND GEOGRAPHICAL DISTRIBUTION OF STUDIES

CLASSIFICATION BY RESEARCH AREAS
All 107 journal articles were categorized into four main research areas as shown in Figure 4 .
Category I
There were 5 papers on literature and critical reviews.
Research progress of aerated MBfRs, where oxygen or air was supplied through the membrane fiber was reviewed in three papers (Brindle & Stephenson 1996; Casey et al. 1999a,b; Syron & Casey 2008) . MBfRs with hydrogen addition were also reviewed relatively recently (Rittmann et al. 2004; Rittmann 2006) .
Category II
There were 38 papers on the fundamental aspects of MBfRs. Initially, oxygen transfer through membrane lumen without biofilm attachment was studied. Research at that time focused on the feasibility of supplying oxygen and the measurement of oxygen transfer rate through membrane fibers. Rapid increase of oxygen concentration in a sequencing batch reactor (SBR) system could be achieved by using silicone tubing where the pure oxygen was pressurized (Wilderer et al. 1985) . Oxygen mass transfer in silicone rubber hollow fibers (Coté et al. 1989 ) and
individually-sealed hollow fiber membranes (Ahmed & Semmens 1992 ) was also investigated. Once the biofilm growth on the membrane fiber was observed, studies began to evaluate its potential and its applicability to various cases (See Category III). Wilderer (1995) suggested that membrane oxygenation and biofilm SBR technology can be favorably combined to treat wastewaters which contain volatile organics, organics in low concentration or organics which are degraded only by selected, slow growing microorganisms.
Many papers focused on the investigation of diffusion characteristics of gas or substrate and biofilm stratification by experiments or by modeling. It was shown by Casey et al. (1999a,b) , that greater thicknesses of active biomass can be maintained in MBfR compared to conventional biofilm reactors. However, some modeling results showed that even though the performance of MBfRs was superior to that of conventional biofilm systems, when the biofilm thickness was in the range of 450 mm-1,400 mm, the efficiency deteriorated with a further increase in biofilm thickness (Terada et al. 2004 (Terada et al. , 2006 . A modeling study also showed that there were substantial differences in substrate and Category II: fundamental aspects including modeling; Category III-1: organic removal and simultaneous nitrification (including heterotrophic denitrification); Category III-2: nitrification only; Category III-3: autotrophic denitrification only; Category III-4: total nitrogen removal with autotrophic bacteria only; Category IV: other applications. oxygen concentration and activity profiles between MBfRs and conventional biofilm systems (Essila et al. 2000) .
Models predicted that the oxygen flux can drop to zero resulting in anaerobic conditions at the external regions of the biofilm, which may facilitate simultaneous nitrification and denitrification (Semmens & Essila 2001) . Another modeling study by Matsumoto et al. (2007) showed that even nitrifiers would be stratified in MBfRs, suggesting that ammonia oxidizing bacteria (AOB) and specific nitrite oxidizing bacteria (NOB) dominated the oxic part of biofilm (at the surface of membrane fiber), while NOB were abundant at the oxic-anoxic interface. Cole et al. (2004) analyzed changes in biomass density, respiratory activity, and bacterial community structure as functions of biofilm depth. Biomass density was generally highest near the membrane surface where the gas is supplied and declined with distance from the membrane, while respiratory activity was highest in the middle of the biofilm. Community analysis demonstrated substantial stratification of the community structure across the biofilm. Surface-modified hollow fiber membranes to enhance the bacterial adhesivity for partial nitrification was tested and showed that the amount of attached nitrifiers on surface-modified fibers was 3 times greater than those on unmodified fiber surfaces (Terada et al. 2004) . A study with flat-sheet membranes showed the difference of oxygen transfer in upstream and downstream sections of the membrane due to biofilm growth, suggesting that reactor configuration may have a significant influence on oxygen transfer rates (Shanahan & Semmens 2006) .
Category III
Category III includes research articles mainly focusing on applications and case studies using MBfRs. Since many papers reviewed here fall into this category, it was divided into 4 sub categories, as shown in Figure 4 , (3-1) organic removal and nitrification simultaneously (including heterotrophic denitrification); (3-2) only nitrification; (3-3) only autotrophic denitrification using hydrogen; (3-4) total nitrogen removal with only autotrophic bacteria. Overall, there were 42 papers (21, 5, 11 and 5 for each sub-category, respectively).
Category III-1
The papers in this sub-category dealt with the heterotrophic activity for organic removal and denitrification, and/or simultaneous nitrification. Combined heterotrophic oxidation of organics, denitrification and nitrification in MBfR could be successfully achieved in several studies (Timberlake et al. 1988; Satoh et al. 2004) . 7.6 kg/m 3 d of COD removal could be achieved with a hydraulic retention time as low as 36 min, (Pankhania et al. 1994) , although a daily backwash was necessary to prevent channeling.
1.9 g/m 2 d of specific nitrification rate could be achieved during simultaneous organic carbon removal and nitrification (Yamagiwa et al. 1998) . Nitrification and denitrification in a single reactor by adding two membrane modules, supplying oxygen for nitrification and methanol for heterotrophic denitrification was attempted, showing effective coexistence of nitrifier and denitrifier cultures in a single tank (Chang & Tseng 1999) . Semmens et al. (2003) tried to control biofilm growth by an internal gas recycle; however, the performance could not be sustained due to the excess biofilm accumulation, emphasizing the importance of biofilm control. Recently a hybrid system utilizing biofilm on the membrane fibers for nitrification and suspended biomass for organic removal and denitrification was tested (Downing & Nurenberg 2007) . Biological phosphorus removal was also attempted using nitrifying biofilm in MBfR and denitrifying polyphosphate-accumulating organisms (DNPAOs) in a bulk solution (Terada et al. 2006) .
A sequencing batch reactor was operated including an anaerobic period for phosphorous release and a subsequent membrane aeration period for nitrification and phosphorous uptake, resulting in 96% of total nitrogen removal and 90% of total phosphorus removal.
Category III-2
The papers in this sub-category dealt with the application of MBfR for only nitrification. Relatively small number of studies was conducted for nitrification only (Brindle et al. 1998; Suzuki et al. 2000) , because many researchers intended to achieve simultaneous removal of organics or denitrification. Specific nitrification rates achieved varied from 0.45 to 5.4 g N/m 2 d. Cell immobilization techniques were also tested for nitrification purposes in an MBfR system (Hsieh et al. 2002) .
Category III-3
The papers in this sub-category deal with the application of MBfR by autotrophic denitrification using hydrogen. The ability to efficiently deliver hydrogen through membrane fibers, combined with low sludge yield of autotrophic growth, makes autotrophic denitrification in MBfR an interesting alternative to conventional heterotrophic denitrification.
Studies regarding this sub-category started to appear after 2000. Application to nitrate removal from contaminated drinking water showed potential ability over conventional denitrification (Lee & Rittmann 2000) . Carbon dioxide could be added together to neutralize the alkalinity and pH from denitrification (Ho et al. 2001) . However, the effect of pH on autotrophic denitrification is still unclear (Lee & Rittmann 2003 , Rezania et al. 2005 . Deteriorated performance by mineral precipitation is another operational concern and biofilm control is required to maintain its performance (Celmer et al. 2008a,b; Hwang et al. 2008) .
Category III-4
The papers in this sub-category deal with the application of MBfR for total nitrogen removal with only autotrophic denitrification. Consecutive operation of nitrification and denitrification in an MBfRs is the typical configuration of this process (Shin et al. 2005) , which resulted in promising performance. However, the effect of the prior nitrification reactor on the denitrification reactor did not get much attention so far, even though there were controversial results about the role of dissolved oxygen in autotrophic denitrification (Ho et al. 2002; Cowman et al. 2005) . Carried-over components from the nitrification reactor such as NH 4 -N or washed-out biomass would also affect the performance of the subsequent autotrophic denitrification reactor, which differentiates this option from stand-alone reactor operations.
Category IV
Twenty-two papers focused on the applications of removing contaminants other than nitrogen.
Oxidation of contaminants such as xylene (Debus et al. 1994 ) and trichloroethylene (Clapp et al. 1999; Edstrom et al. 2005) , was investigated in MBfRs. Limited or partial aeration with MBfRs could be applied to other biological system such as anaerobic bioreactors (Kappell et al. 2005) , and anaerobic ammonium (Annamox) oxidation (Gong et al. 2008) . Hydrogen-based MBfR is capable of reducing many oxidized pollutants (perchlorate (Nerenberg et al. 2002 , arsenate (Chung & Rittmann 2006a) , selenate (Chung et al. 2006a,b,c) , and hexavalent chromium (Chung et al. 2006a,b,c) , which are difficult to remove in conventional biological processes.
RESEARCH NEEDS
Biofilm control
Many researchers identified biofilm control as the most challenging aspect of operating an MBfR (Pankhania et al. 1994; Celmer et al. 2006) . Excessive biofilm growth will not only cause non-uniform flow distribution and channeling, but also the inhibition of substrate or gas diffusion, eventually deteriorating the system performance. Some previous studies suffered from biofilm overgrowth, which prevented longterm steady operations. Excessive biofilm growth tends to be more often found in the application for organic removal, which requires heterotrophic growth. Higher biomass yields of heterotrophic bacteria, combined with high performance of MBfR, contribute the excessive biofilm growth (Semmens et al. 2003) . To ensure stable operation, the detachment or sloughing of biomass needs to be balanced with biomass accumulation, which was investigated by some studies. Daily backwashing, which consists of compressed air scouring and the complete replacement of the bulk liquid to remove the detached biomass, was required to prevent channeling and remove excessive biomass in MBfR, at a COD loading of 8.94 kg/m 3 d (Pankhania et al. 1994) . The absence of backwashing for 6 days resulted in the extensive biofilm growth and performance deterioration. High reactor recirculation with air scouring and bulk liquid replacement was beneficial, causing the increase of biofilm density and its adherence to the membrane surface Pankhania et al. 1999 ). An MBfR system with 5.1 kg COD/m 3 d loading (lower than 8.94 kg COD/m 3 d from above, Semmens et al. 2003 ) and generous gas recycle (2 L/min) to mix the reactor and control biofilm, was able to maintain its performance for 3 months of operation. However, eventually the excessive biofilm growth inhibited the oxygen transfer and resulted in the development of anaerobic biomass. Increase in biofilm thickness also reduced the effective hydraulic retention time (HRT), resulting in the deterioration of reactor performance.
Excessive biofilm growth was also found in MBfR for nitrogen removal without organic oxidation, mainly due to overgrowth of heterotrophic denitrifiers, growing at the outer side of biofilm (Suzuki et al. 2000) . Interestingly, no excessive biofilm growth was reported in only nitrifying MBfRs.
Hydrogen-based MBfRs are vulnerable to mineral accumulation due to high local pH generated by high denitrification activity, as well as biomass overgrowth due to 30% higher cell yield than nitrification. Calcium ion present in water and wastewater could precipitate with some anions, such as phosphate or carbonate, both of which are commonly used during the operation of membrane biofilm reactor for pH control or inorganic carbon supply (Lee & Rittmann 2003) .
Precipitated minerals associated with the biofilm could create a VS/TS ratio of biofilm lower than 0.25, indicating that the biofilm is carrying unnecessary solids (Celmer et al. 2006) . A portion of precipitated calcium phosphate was over 50% of the total inert material when phosphate buffer was used during the operation of the MBfR. The precipitated minerals inhibited hydrogen diffusion by covering portions of the membrane fiber (Hwang et al. 2008) .
Increased shear force including faster mixing and nitrogen sparging could reduce the biofilm thickness, and then ensure higher performance (Celmer et al. 2008a ). Ultrasound was also proven to be effective for biofilm control without damaging the membrane itself (Celmer et al. 2008b ). Excessive biofilm growth was also found during perchlorate removal using hydrogen (Padhye et al. 2007) .
Pilot-or full-scale operation
Unfortunately, none of the journal papers evaluated in this study reported the application of MBfR at demonstration or full-scale. Reactor sizes of lab-scale studies vary from 0.2-7 L, and most researchers used only one membrane module, while a large number of membrane modules would be implemented at demonstration or full-scale. Considering the short history of MBfRs, it would be premature to expect full-scale MBfR applications. However, a few simulation studies have been conducted to foresee whether MBfRs can be a promising alternative to previous technologies.
Thanks to higher biomass concentrations and efficient gas delivery, preliminary economic analysis reported that MBfR with pure oxygen would require less electricity for oxidation of designated amount of organics than conventional activated sludge systems or high purity oxygen activated sludge system (Syron & Casey 2008) . 
